Abstract. This article presents an innovative technique for solving the problem of finding the core within a fingerprint. The Radon transform and a tree clustering algorithm were key to locating the coordinates of the core. Binarization and high-pass filtering processes to improve the contrast in fingerprints are proposed. The core of a fingerprint is located in the geometric cross section of maxima and minima in the Radon transforms at 0° and 90°. The technique is very stable, since it only presents difficulties when the fingerprint core is located on the edges of the image or is nonexistent.
Introduction
Fingerprint analysis is a rather common method for identifying people. This is so because of two biometrical features of fingerprints: they do not change with time and they are unique for each person [1] . That is the reason fingerprint recognition has a wide field of application in security and recognition systems.
There are different parameters to identify in a fingerprint: ridges, rows, deltas, cores, etc., the latter being the parameter around which the others converge. Due to its importance, many authors have implemented several techniques to identify the geometrical position of the core within the image of a fingerprint. At first they found the core by dividing the image into sub-images [2] , [3] . Then, curvature detection methods and region geometry were used [4] . Others began to use the Poincare Index [5] , [6] , [7] . Finally, some researchers worked with the orientation, segmentation [8] and curvature [9] patterns of the fingerprint.
In this work, we implemented an alternative approach to finding the core in a fingerprint by using the Radon Transform (RT) as a means to quantify the grey levels between the curves generated by ridges and rows of each fingerprint. We also performed an analysis in convolution filters to improve the images in the process for obtaining the RT. Finally, a tree clustering algorithm is used to match the core coordinates through empathy between the horizontal and vertical RTs of a fingerprint. It was decided to use RT as a method to find the core of a fingerprint because its algorithm is easy and quick to implement and because the results are very straightforward.
In the following sections, the proposed methodology to develop the fingerprint core-locating algorithm is presented. Then, the experimental setup for capturing fingerprints is explained. After that, the experimental results obtained through the proposed algorithm are shown and discussed. Finally the conclusions of the results are expressed.
Methodology
The motivation to use RT as a method to locate the core in fingerprints came up from observing the shape of the prints themselves, since the cores in the great majority of them are shown as a collection of concentric circles. When the grey levels (GL) around the circles are analyzed, it is observed that the highest GL is in the convergence point of such circles.
In order to find the core in the fingerprint, the following digital processes need to be applied to the image: binarization, convolution, Radon transform, least squares, and tree clustering algorithm. These processes are detailed below.
Image Binarization
A large amount of GL is obtained through the scanning of fingerprints. This also depends on the way the image is scanned. Ideally, there should be only one GL binary range, i.e. two GL (0 and 1). To perform the binarization, an intermediate grey level is chosen as a threshold value, thus making the binarized image obtainable through these two equations:
and
where Im, Im b , Im n , (x,y) and GL m are the original image, the binarized image, the negative, the coordinates of each image and the GL threshold, respectively. An unprocessed fingerprint (Im, the location of the core is enclosed) can be observed in Fig. 1b ; and the negative (Im n ) is presented in Fig. 1c .
Convolution
The image of a binarized fingerprint shows the ridges and rows as the skeleton of the original image. However, it is necessary to highlight the data in order to obtain more defined lines and thus be able to get a clearer distinction between ridges and rows (distinguishing the edges). The most common method to detect the edges of an image is spatial filtering, which convolutions the image against a high-pass mask. Convolution mask types that highlight the edges (for North, South, East, and West orientation) are gradient and relief. These types of masks are shown in Table 1 [10], [11] . The mathematical model of discrete convolution applied to images is defined as [12] ∑ ∑
where hp, (m,n) and MxN are the convolution mask, the coordinates where the convolution is performed, and the size of the convolution masks, respectively. The masks shown in Table 1 vary on their performance, depending on the characteristics of the fingerprint to be convolutioned. Images in Fig. 2 are the result of the application of equation 3 (through masks in Table 1 ) to the fingerprint in Fig. 1a . In Fig. 2 we can observe the edges detection being highlighted in four directions. Combinations such as Northeast, Southeast, Northwest and Southwest are also possible. (Fig 1a) through Table 1 
Fig. 2. Skeletonization of a fingerprint

Radon Transform
The Radon transform may be considered the image's grey levels projection over a given angle with respect to the x axis. The RT mathematical model is [13] 
where ℜ, δ, R and θ are the Radon transform operator, the unit impulse function, the distance from the origin to the profile line and the angle of direction of the same line, respectively. Each of these parameters can be observed in fig. 3 , where Q is the origin of the profile line to be obtained (thick bold line). We find the Radon transform useful in the detection cores within fingerprints due to its ability to detect lines; a fingerprint may be considered roughly as composed of vertical and horizontal lines with the core located at the intersection of such lines. Radon transforms (with θ = 0° and 90°, RT 0 and RT 90 ) for fingerprints from figures 1 and 2 are shown in Fig. 4 . It can be observed that the core is the point in the fingerprint where RT 0 minima and RT 90 maxima intersect (dotted lines). 
Curve fitting by Least Squares
Due to the need to adjust the RTs for better identification of maxima and minima, least squares method has been employed. The basic idea is fitting the data obtained from RTs through the polynomial
calculating the deviation of the curve with respect to the polynomial through [14] ),
where c, k, f, and I are the polynomial coefficients, the polynomial degree, the data to be fit, and the number of data, respectively. Thus, the addition of deviations raised to the second power is represented by the following equation
which is why the minimum of every squared deviation will become evident when the partial derivative with respect to each coefficient c is zero. This is
when substituting equations (5-7) in equation (8) 
Polynomial h(x) coefficients can be obtained through equation (9), which results in the parameters needed for the least squares fit.
Tree Clustering Algorithm
In order to find the minima and maxima observed in the RTs of images shown above, a tree clustering algorithm is proposed. This algorithm performs a comparative adjustment between data and threshold value. It detects sign changes in the data function slope. The algorithm consists of the following steps [15] :
Comparison ratio r is defined, where r<<xi; Counters kmax=0 and kmin=0 are defined; for i=r to I-r; // I is the number of data.
for j=i-r to i+r; if h(xi)> h(xj); // to find maxima Tmax. then kmax=kmax+1 and Tmax(kmax)=h(xi); if h(xi)< h(xj); // to find minima Tmin. then kmin=kmin+1 and Tmin(kmin)=h(xi); maxima=Tmax(1); // initialization variable maxima. for i=1 to kmax-1; // to find principal maxima. if Tmax(i+1)>Tmax(i); then maxima=Tmax(i+1); minima=Tmin(1); // initialization variable minima. for j=1 to kmin; // to find principal minima.
if Tmin(j+1)<Tmin(j); then minima=Tmin(j+1);
Finding all the maxima and minima in a signal will depend on two factors: signal noise and size of r. It is recommended that the noise frequency be lower than 2r, thus fitting into Nyquist criterion [16] .
Experimental Setup
The setup used to capture fingerprints is quite simple: a Microsoft FingerPrint scanner connected via USB to a PCG-K35F Sony Vaio laptop. The scanner produces 355×390-pixel images in BMP format. The images have a margin with no information (electronically removed), resulting in 312×341-pixel images. Matlab® was the software used to implement the methods seen in the previous section.
Experimental Results
Based on the results from Fig. 4 , it can be observed that the core perimeter is signaled by a series of maxima and minima in the RT graphs. The problem with such graphs is the excessive noise they contain, which is generated by the high number of grey levels and/or the low contrast between rows and ridges in each of the sub-images shown in Figure 4 . It was also observed that images with a black background (negative and gradient in Fig. 4 ) had a smaller amount of maxima and minima, which facilitates pinpointing the cores. It was then decided that an adjustment had to be made in the RT graphs using least square fitting. This softens the RTs graphs without losing relevant information in them, as can be seen comparing Figures 4 and 5. We began by comparing the adjusted RT graphs using a 21th grade polynomial, thus it was possible to fit the curves without a lost of maxima or minima of the original RT. The softened RTs from the original fingerprint and the softened RTs for the 4 directions of the binarized gradient and the binarized relief are shown in Fig. 5 . A negative relief was used in order to obtain images with a black background. It was observed that images processed with relief-type convolution masks only have one maximum in TR 90 and a minimum in TR 0 , whereas images processed with gradients have, in most cases, several maxima and minima. The reason is that relief-processed images have a better contrast than gradient-processed images. Maxima and minima were obtained through a tree clustering algorithm (described in section 2.5), given the fact that image skeletonization processes (North, South, East, West) both for gradients and reliefs have a slight image deviation in the sense of direction of the process to be carried out. Then, it was decided to obtain the core location using the average of the 4 minima for the RT 0 and the 4 maxima for the RT 90 . This is 
where (x c ,y c ), (x n ,y n ), (x s ,y s ), (x e ,y e ) and (x w ,y w ) are the coordinates of the core in the original, North, South, East, and West images, respectively. The standard deviation was also calculated for coordinates in x (σ x ) and for coordinates in y (σ y ). This was done to observe a possible core deviation with respect to the real one. We obtained softened RTs for other 6 individuals' fingerprints, whose core shapes and core positions are different (Fig. 6) . Table 2 shows the results of the calculations of core coordinates of the 7 individuals' fingerprints. 
Conclusions
A new technique for locating cores in fingerprints has been described. The Radon transform was used as a mathematical tool to locate the cores. RTs are algorithms which are fast to process and to interpret in small images. Therefore it was relatively fast to identify maxima and minima that pointed at the core coordinates.
The technique described above was very stable when used in one or two core fingerprints. However, it destabilizes when the core is hidden. There are two possible cases: a) when the core is hidden in North or South positions, there is more than one maximum in RT 90 ; b) when the core is hidden in the East or West positions, there is more than one minimum in RT 0 .
By applying only RT and least square fitting to a fingerprint works fine when dealing with well-scanned or high contrast images. In fingerprints with digitalization mistakes (low contrast or missing data,) however, it is better to apply convolution masks (gradient or relief) before in order to obtain more defined rows and ridges and average the 4 pairs of the softened RTs at the end.
The best convolution mask option depends on the digitalization and type of fingerprint. The results show that masks that presented a higher accuracy finding the core were those in which the standard deviation was minimal, it is to say, when σ x →0 and σ y →0.
The core in a fingerprint is the most important parameter. Consequently, being able to find it correctly is a major step in the identification of people through fingerprint recognition. For double-cored fingerprints, the central point between the two cores was located (see Fig. 6e ).
The core was identified localizing the minima of the RT 0 and the maxima of the RT 90 using a tree clustering algorithm. These minima and maxima are global ones; however the minima of the RT 0 should discard the borders since they do not contain the fingerprint information.
Finally, we found that the proposed method, as compared with others, does not require high resolution images (with 312×341-pixel images were enough); the speed of the algorithm is similar to Poincaré and Edge Map methods and showed a high repeatability rate in the detection of single and double core in fingerprints.
